Glutamate transport into synaptic vesicles is a prerequisite for its regulated neurosecretion. Here we functionally identify a second isoform of the vesicular glutamate transporter (VGLUT2) that was previously identified as a plasma membrane Na ϩ -dependent inorganic phosphate transporter (differentiation-associated Na ϩ /P I transporter). Studies using intracellular vesicles from transiently transfected PC12 cells indicate that uptake by VGLUT2 is highly selective for glutamate, is H ϩ dependent, and requires Cl Ϫ ion. Both the vesicular membrane potential (⌬) and the proton gradient (⌬pH) are important driving forces for vesicular glutamate accumulation under physiological Cl Ϫ concentrations. Using an antibody specific for VGLUT2, we also find that this protein is enriched on synaptic vesicles and selective for a distinct class of glutamatergic nerve terminals. The pathway-specific, complementary expression of two different vesicular glutamate transporters suggests functional diversity in the regulation of vesicular release at excitatory synapses. Together, the two isoforms may account for the uptake of glutamate by synaptic vesicles from all central glutamatergic neurons.
Glutamate transport into synaptic vesicles is a prerequisite for its regulated neurosecretion. Here we functionally identify a second isoform of the vesicular glutamate transporter (VGLUT2) that was previously identified as a plasma membrane Na ϩ -dependent inorganic phosphate transporter (differentiation-associated Na ϩ /P I transporter). Studies using intracellular vesicles from transiently transfected PC12 cells indicate that uptake by VGLUT2 is highly selective for glutamate, is H ϩ dependent, and requires Cl Ϫ ion. Both the vesicular membrane potential (⌬) and the proton gradient (⌬pH) are important driving forces for vesicular glutamate accumulation under physiological Cl Ϫ concentrations. Using an antibody specific for VGLUT2, we also find that this protein is enriched on synaptic vesicles and selective for a distinct class of glutamatergic nerve terminals. The pathway-specific, complementary expression of two different vesicular glutamate transporters suggests functional diversity in the regulation of vesicular release at excitatory synapses. Together, the two isoforms may account for the uptake of glutamate by synaptic vesicles from all central glutamatergic neurons.
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Before their release by exocytosis from the presynaptic nerve terminal, classical neurotransmitters are transported into synaptic vesicles (Jahn and Südhof, 1993) . Within the last decade the proteins responsible for transporting biogenic amines, acetylcholine, and GABA/glycine into synaptic vesicles have been molecularly defined, and their distribution in the CNS has been characterized (Masson et al., 1999; Gasnier, 2000; Weihe and Eiden, 2000) . Recently, a protein responsible for vesicular glutamate uptake (VGLUT1) has also been functionally identified (Bellocchio et al., 2000; Takamori et al., 2000) and is expressed in a subpopulation of glutamatergic neurons (Ni et al., 1995; Bellocchio et al., 1998) .
Glutamate, the major excitatory neurotransmitter in the mammalian CNS, is selectively accumulated in synaptic vesicles where its concentration reaches ϳ60 mM, or approximately five to six times the cytoplasmic concentration (Storm-Mathisen et al., 1983; Burger et al., 1989) . In contrast to Na ϩ -dependent plasma membrane glutamate transporters, this vesicular glutamate uptake system displays low substrate affinity (ϳ1 mM), is specific for L-glutamate, and is stimulated by physiologically relevant concentrations of Cl Ϫ ion (Disbrow et al., 1982; Ueda, 1983, 1985) . To date there is no consensus in the literature regarding the role of Cl Ϫ ion or whether uptake of glutamate into synaptic vesicles is driven solely by the electric potential (⌬) or by both the ⌬ and ⌬pH components of the transmembrane electrochemical H ϩ gradient ⌬ Hϩ (Ö zkan and Ueda, 1998) . Identification of the brain-specific neuronal phosphate transporter (BNPI) as VGLUT1 was achieved when this protein was overexpressed in mammalian cell lines and found to mediate the transport of glutamate into isolated intracellular vesicles (Bellocchio et al., 2000; Takamori et al., 2000) . Originally, BNPI was characterized as a type I phosphate ion transporter (Na ϩ /P i ) on the basis of its weak (30%) homology with Na ϩ /P i -1 (Werner et al., 1991) and the ability of Xenopus oocytes expressing BNPI to accumulate radiolabeled 32 P i (Ni et al., 1994) . Recently a homologous protein was cloned (82% identity) and named DNPI for differentiation-associated Na ϩ /P I transporter (Aihara et al., 2000) . The mRNA encoding DNPI displays a complementary distribution to VGLUT1, and when expressed in oocytes it also stimulates, albeit weakly, Na ϩ -dependent 32 P i transport (Aihara et al., 2000; Hisano et al., 2000) .
To test the hypothesis that DNPI, like BNPI/VGLUT1, can function as a vesicular glutamate transporter, we developed a transient expression assay in PC12 cells in which nearly 100% of the cells express high levels of this protein. The ATP-dependent transport and accumulation of glutamate into intracellular vesicles by VGLUT2 revealed an obligatory role for Cl Ϫ and the ability to transport glutamate by either component of ⌬ Hϩ . We raised antibodies against both VGLUT isoforms and found that excitatory synapses in the main sensory-motor and limbicautonomic pathways in the brain and spinal cord exhibited marked differences and often mutual exclusivity in the distribution, density, and intensity of VGLUT1 and VGLUT2 puncta. In general, VGLUT1 is associated with neuronal pathways that many) enhanced by the addition of 0.08% ammonium nickel sulfate (Fluka, Buchs, Switzerland) , which resulted in a dark blue staining. The specificity of VGLUT1 and VGLUT2 immunostaining was tested by preadsorption with the respective homologous recombinant f usion proteins (1 M).
Confocal laser scanning. Confocal laser scanning doubleimmunofluorescence analysis was performed as described previously (Stumm et al., 2001) . Sections were incubated overnight at room temperature with a mixture of the polyclonal rabbit VGLUT1 (1:300) or VGLUT2 (1:600) and a monoclonal mouse antibody against the synaptic vesicles marker synaptophysin (C lone SY 38; Roche Molecular Biochemicals; diluted 2 g /ml) or a monoclonal mouse antibody against microtubule-associated protein-2 (M AP-2), an established marker of neuronal dendrites (M AB3418; Chemicon International, Temecula, CA; diluted 25 g /ml). Immunoreactivities were visualized with indocarbocyanine-conjugated species-specific secondary antibodies diluted 1:200 and applied for 45 min at 37°C, resulting in a red-orange fluorescence labeling, or with biotinylated IgG (Dianova) diluted 1:200, applied for 45 min at 37°C, followed by incubation with Alexis 488-conjugated streptavidin (MoBiTec, Göttingen, Germany) for 2 hr at 37°C, resulting in a green fluorescence. Sections were analyzed with the Olympus Fluoview confocal laser scanning microscope (Olympus Optical, Hamburg, Germany) and documented as false color confocal images.
Synaptosome preparation and f ractionation. The subcellular fractionation of a crude synaptosomal preparation from rat brain was performed as described by Huttner et al. (1983) with minor modifications. T wo rat brains were homogenized in 30 ml of homogenization buffer (0.32 M sucrose, 10 mM H EPES-NaOH, pH 7.4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg / l pepstatin, 5 mg / l leupeptin, and 5 mg / l aprotinin) using a glass-Teflon homogenizer (12 strokes, 900 rpm). The homogenate was centrif uged 10 min at 800 ϫ g, the pellet (P1) was saved, and the supernatant was centrif uged again for 15 min at 9200 ϫ g. The pellet was resuspended in 20 ml of homogenization buffer and centrif uged again at 10,200 ϫ g to yield a washed synaptosomal pellet (P2). The supernatants of the last two spins were pooled (S2). The synaptosomes in P2 were resuspended in homogenization buffer (final volume 5 ml), hypo-osmotically lysed by addition of 45 ml of ice-cold 5 mM H EPES-NaOH, pH 7.4, containing protease inhibitors, and homogenized with a glass-Teflon homogenizer (10 strokes; 900 rpm) followed by rocking at 4°C for 15 min. The lysed synaptosomes were centrif uged for 20 min at 25,000 ϫ g, and the resulting L P1 pellet was saved. The supernatant was centrif uged again for 1 hr at 50,000 rpm in a Ti50.4 rotor to obtain L P2 pellets and the L S2 supernatant. The pellets were resuspended in a total of 5 ml of 25 mM sucrose and layered on top of a linear continuous sucrose gradient made from 16 ml of 50 mM sucrose and 15 ml of 800 mM sucrose. C entrif ugation was performed for 150 min in an SW 28 rotor at 25,000 rpm, and the broad turbid band in the 200 -500 mM sucrose region containing synaptic vesicles was collected and centrif uged in a 70 Ti rotor for 2 hr at 40,000 rpm. The microsomal pellet at the bottom of the sucrose gradient was saved. The protein concentration of all fractions was determined with the Bradford assay (Bio-Rad) after dilution (5ϫ) in PBS containing 0.1% SDS using bovine serum albumin as the standard.
Synaptic vesicle preparation. Synaptic vesicles were also purified from rat forebrain using a modified procedure of Jahn and coworkers . Briefly, 15 gm of rat brain was frozen and pulverized in liquid nitrogen to a fine powder. The powder was resuspended in 100 ml of sucrose buffer containing 0.32 M sucrose, 10 mM Tris-HC l, pH 7.4, 1 mM PMSF, 6 g /ml leupeptin, 5 g /ml aprotinin, and 5 g /ml pepstatin, and homogenized in a tight-fitting glass-Teflon homogenizer (nine strokes, 900 rpm). The homogenate was centrif uged for 10 min at 47,000 ϫ g followed by centrif ugation at 120,000 ϫ g for 2 hr. The supernatant (20 ml) was layered onto a cushion (5 ml) of 0.6 M sucrose, 10 mM Tris-HC l, pH 7.4, and centrif uged at 260,000 ϫ g for 2 hr. The pellet was resuspended in 3 ml of sucrose buffer (without inhibitors) and cleared by centrif ugation at 27,000 ϫ g for 10 min. Synaptic vesicle preparations were aliquoted and stored at Ϫ70°C without loss of activity.
Western anal ysis. Samples containing 2-10 g of protein were resuspended in sample buffer containing 62 mM Tris-HC l, pH 6.8, 1 mM EDTA, 10% glycerol, 5% SDS, and 50 mM dithiothreitol, fractionated by SDS-PAGE using an 8% polyacrylamide gel, and electrotransferred onto nitrocellulose membrane (Hybond-ECL, Amersham Biosciences). After a 1 hr preincubation in TBS (0.2 mM Tris-HC l, pH 7.5, 150 mM NaC l, 0.1% T ween 20) containing 5% nonfat dry milk, the blots were incubated for 3 hr at room temperature with primary antibodies in TBS -1% bovine serum albumin. BN PI / VGLUT1 (1:1000), DN PI / VGLUT2 (1:1000), or synaptophysin (1:5000; Sigma) was detected using horseradish peroxidase-conjugated anti-rabbit IgG secondary antibodies (Sigma) and enhanced chemiluminescent reagents (Amersham Biosciences) followed by exposure to film.
Transient infection/transfection of PC12 cells. Wild-type rat PC12 cells (gift of John A. Wagner, Cornell University Medical College) were maintained at 37°C in an atmosphere of 90% air, 10% C O 2 in DM EM containing 10% fetal bovine serum, 5% heat-inactivated horse serum, penicillin (100 U/ml), streptomycin (100 mg /ml), and glutamine (4 mM). PC12 cells (8 ϫ 10 6 ) were plated in 10 cm 2 dishes precoated with polyornithine (4 g /ml; Sigma). The following day the cells were rinsed with PBS and infected with a recombinant vaccinia virus encoding bacteriophage T7 RNA polymerase at a multiplicity of infection of 20 for 2 hr (Fuerst et al., 1986) . The medium was removed, and the cells were transfected with DM EM (2 ml) containing T7 promoter-bearing plasmid cDNA (2 g /ml) and lipofectamine2000 (1:100) for 6 hr, and fresh medium (5 ml) containing 2.5% fetal bovine serum was added. After 16 -18 hr the cells were harvested, and vesicle membranes were prepared.
␤-Galactosidase staining assay. Transfection efficiency was generally monitored in a parallel 10 cm 2 dish of PC12 cells transfected with the lacZ gene using a histochemical stain for ␤-galactosidase (Sanes et al., 1986) . The medium was removed, and the cells were fixed in PBS containing 2% formaldehyde and 0.2% glutaraldehyde for 5 min at room temperature. After three successive washes in PBS (5 min each), 10 ml of a filtered (0.45 m) solution containing 5 mM potassium ferri cyanide and 5 mM potassium ferro cyanide in PBS and X-gal (1 mg /ml) was added. The cells were then placed in a 37°C incubator for up to 1 hr.
Preparation of vesicle membranes f rom PC12 cells. Control and VGLUT2-expressing PC12 cells were collected, rinsed in PBS, and homogenized with a ball-bearing device (11 m clearance) in ice-cold buffer containing 0.32 M sucrose, 10 mM H EPES, pH 7.4, 1 mM PMSF, 6 g /ml leupeptin, 5 g /ml aprotinin, and 5 g /ml pepstatin. The resulting homogenates were cleared by successive centrif ugation at 2000 ϫ g for 10 min and 10,000 ϫ g for 10 min to remove nuclei, mitochondria, and cell debris. The supernatant was sedimented by centrif ugation at 200,000 ϫ g for 45 min in a TL A100 rotor. The resulting membrane pellet was resuspended in 0.32 M sucrose, 10 mM H EPES, pH 7.4, containing protease inhibitors. Protein was measured by the Bradford assay (BioRad) using bovine serum albumin as the standard. 3 H]L-glutamate and increasing concentrations (0.05-6.4 mM) of unlabeled glutamate in the presence of 4 mM KC l, and uptake was terminated after 4 min. Membranes from mock-transfected PC12 cells and PC12 cells expressing DN PI / VGLUT2 were always analyzed in parallel to assess background uptake. The uptake reactions were stopped by placing tubes in ice water, and the samples were vacuum filtered through glass fiber filters (GF/ F) and washed with 6 ml ice-cold uptake buffer containing 10 mM MgSO 4 . Radioactivity bound to the filters was solubilized in 1 ml of 1% SDS followed by addition of 10 ml of EcoScint scintillation fluid and quantitated by liquid scintillation counting. E xperiments were performed in duplicate or triplicate and repeated two to four times. K m values were determined by nonlinear regression (Prism3, Graphpad Software).
RESULTS

DNPI is a novel glutamatergic synaptic vesicle marker
We raised antibodies to fusion proteins containing the cytoplasmic C termini of DNPI and its homolog VGLUT1 to compare the subcellular localization and cellular distribution of these proteins. The antisera recognized distinct broad bands (60 and 55 kDa) for DNPI and VGLUT1 on Western blots of synaptic vesicles purified from rat brain (Fig. 1 A) . When transiently expressed in PC12 cells, which do not express these proteins endogenously, we found that the antisera raised against each isoform were completely specific (data not shown). Inclusion of GST fusion proteins used as immunogens abolished immunoreactivity on Western blots (Fig. 1 A) , which confirms the specificity of the antibodies. These reagents are thus suitable for mapping the expression of each isoform in the rat nervous system. Pretreatment of rat brain vesicle membranes with N-glycanase resulted in a shift in the electrophoretic mobility of both DNPI and VGLUT1 (Fig. 1 B) , indicating that both of these proteins are N-glycosylated. Putative N-glycosylation sites are located between the first two putative transmembrane helices similar to the vesicular amine transporters Figure 1 . Antibody specificity and subcellular localization of VGLUT1 and VGLUT2 isoforms. A, Western blot strips of purified rat brain synaptic vesicles were prepared and probed with rabbit polyclonal antisera raised against a GST fusion protein containing the C-terminal tails of rat VGLUT2 (DNPI) or VGLUT1 (BNPI). Broad bands are observed for VGLUT2 and VGLUT1 (Ϫ lanes) unless 10 g/ml of the cognate fusion proteins are added (ϩ lanes). B, VGLUT2 and VGLUT1 are N-glycosylated. Rat brain synaptic vesicles (10 g) were incubated for 1 hr at 37°C in the absence (Ϫ) or presence (ϩ) of peptide-N-glycosidase F. A faster migrating species is observed after digestion. C, Fractionation of rat brain synaptosomes. The following rat brain fractions were analyzed for the presence of VGLUT2, VGLUT1, and the synaptic vesicle marker synaptophysin ( p38): brain homogenate (TOTAL), low-speed pellet (P1), washed synaptosomes (P2), supernatant of the synaptosomal fraction (S2), low-speed pellet of the lysed synaptosomes (LP1), high-speed pellet of the lysed synaptosomes (LP2), synaptosomal cytosol (LS2), synaptic vesicles (SV ) purified from LP2 by continuous sucrose density gradient fractionation, and the microsomal fraction (Microsome) of lysed synaptosomes. (Varoqui and Erickson, 1997) . To determine whether DNPI was enriched on synaptic vesicles, we fractionated synaptosomes prepared from rat cerebrum. Immunoblot analysis revealed that DNPI, like VGLUT1, followed a distribution identical to the one of synaptophysin, a well established marker for synaptic vesicles (Fig. 1C) . The high homology of DNPI (82%) to the glutamate vesicular transporter VGLUT1 and its enrichment on synaptic vesicles suggested that, in addition to transporting P i across the plasma membrane (Aihara et al., 2000) , DNPI may function as a vesicular transporter.
Functional identification of DNPI as a vesicular transporter for glutamate (VGLUT2)
To determine whether DNPI functions as a vesicular glutamate transporter, the cDNA was transiently expressed in PC12 cells using the vaccinia virus/bacteriophage T7 system. Generally, up to 95% of the cells were found to express high levels of exogenous protein using this method (Fig. 2 A) . When a population of light vesicle membranes was prepared and analyzed by Western blot, a predominant band of the expected molecular weight for DNPI was observed in PC12 cells transfected with this cDNA and not in mock-transfected cells (Fig. 2 B) . Uptake of glutamate by these PC12 vesicles was measured in the presence of Mg 2ϩ -ATP (5 mM) and KCl (4 mM), conditions known to be optimal for glutamate transport by synaptic vesicles isolated from brain (Naito and Ueda, 1985) . Glutamate uptake into vesicles from DNPIexpressing cells was generally three to four times greater than that seen with mock-transfected controls ( Fig. 2C ) and had properties similar to glutamate transport by vesicle membranes from stable cell lines expressing VGLUT1 (Bellocchio et al., 2000; Takamori et al., 2000) . The initial rate of glutamate uptake (Fig.  2 D) measured during the linear portion of the time course (4 min) was saturable with an apparent K m of 0.8 mM and V max of 190 pmol ⅐ min Ϫ1 ⅐ mg Ϫ1 (n ϭ 2). Transport mediated by DNPI was highly selective for glutamate because L-aspartate, L-glutamine, and GABA did not interfere with the uptake of glutamate when they were present at 10 mM (Fig. 2 E) . Uptake was signifi- cantly reduced in the presence of 1 M trypan blue, an inhibitor of vesicular glutamate uptake in synaptic vesicles (Roseth et al., 1998) . Although 10 mM PO 4Ϫ did not appear to inhibit uptake by VGLUT1 (Bellocchio et al., 2000) , uptake by VGLUT2 was reduced 50% in the presence of 20 mM PO 4 Ϫ (Fig. 2 E) . Glutamate uptake by DNPI was dependent on exogenous ATP and was abolished by bafilomycin and NEM, which are specific inhibitors of the vacuolar-type H ϩ -ATPase, and by the proton ionophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; 50 M), indicating that transport is dependent on the H ϩ electrochemical gradient (Fig. 2 F) . These results provide compelling evidence that DNPI functions as a vesicular transporter that is highly specific for glutamate, and we propose to rename the protein VGLUT2.
ATP-dependent glutamate uptake into vesicles by VGLUT2 requires Cl
؊ ion
Low, physiologically relevant concentrations of Cl Ϫ enhanced the VGLUT2-mediated uptake of glutamate by ϳ400% (Fig. 2G) . The minimal Cl Ϫ concentration that was required for maximum glutamate uptake was 2-4 mM, but a similar stimulation of glutamate uptake was also observed at 16 and 20 mM Cl Ϫ ion. Uptake of glutamate in buffered KCl (150 mM) was not observed (data not shown). The addition of 4 mM Cl Ϫ or Br Ϫ anions increased glutamate uptake into VGLUT2-expressing vesicles, whereas I Ϫ was less effective. Neither 4 mM PO 4 Ϫ nor SCN Ϫ ions had any effect on uptake. These experiments indicate that glutamate uptake by VGLUT2 is differentially regulated by anions.
The activation of glutamate uptake by Cl Ϫ or Br Ϫ ions has been attributed to their direct interaction with the cytoplasmic face of the transporter via an anion-binding site (Hartinger and Jahn, 1993) or their acting on a vesicular anion channel to increase ⌬pH (Xie et al., 1989; Tabb et al., 1992) . Low concentrations of SCN Ϫ (4 mM) partially antagonized the Cl Ϫ stimulation of glutamate uptake, as did the anion transport blocker 4,4Ј-diisothiocyanotostilbene-2,2Ј-disulfonic acid (DIDS) when present at 1 M (Fig. 2G) . These results are consistent with the possibility that SCN Ϫ and DIDS may compete with Cl Ϫ ion for binding either at a vesicular anion channel or directly on the transporter. In the presence of higher concentrations of SCN Ϫ (20 mM), which selectively dissipate ⌬ (Johnson et al., 1981) , the uptake of glutamate was abolished (Fig. 2 F) .
VGLUT2-mediated uptake into vesicles depends on both ⌬pH and ⌬
To further assess the dependence of glutamate transport on ⌬ and ⌬pH, we used a combination of ionophores that selectively dissipate the electrical or chemical components of the ⌬ Hϩ (Fig.  2 H) . Nigericin is an electroneutral K ϩ /H ϩ exchanger that selectively dissipates ⌬pH, whereas valinomycin, a K ϩ -ionophore, selectively dissipates ⌬. Glutamate transport was assayed in the presence of 4 and 40 mM Cl Ϫ , conditions in which transmembrane ⌬ predominates or both ⌬ and ⌬pH gradients exist (Tabb et al., 1992; Moriyama and Yamamoto, 1995) . Uptake of glutamate in the presence of 40 mM Cl Ϫ is reduced ϳ25% from that observed at 4 mM Cl Ϫ . A biphasic dependence of vesicular glutamate uptake on Cl Ϫ has also been reported for VGLUT1 (Bellocchio et al., 2000) and observed in isolated brain vesicles (Naito and Ueda, 1985) . Valinomycin (10 M) reduces glutamate uptake in both Cl Ϫ conditions by Ͼ80%, indicating that ⌬ is a primary driving force for accumulation. The uptake of glutamate by VGLUT2 at 4 mM Cl Ϫ is modestly inhibited (20%) in the presence of 1 M nigericin, an effect similar to that reported for VGLUT1 (Takamori et al., 2000) , indicating that ⌬pH is not a significant driving force under these conditions. However, uptake observed with VGLUT2 in 40 mM Cl Ϫ is abolished by nigericin, indicating that H ϩ may be directly involved in glutamate countertransport, as suggested by Ueda and colleagues (Shioi and Ueda, 1990; Tabb et al., 1992) .
Differential distribution pattern of VGLUT2 and VGLUT1
To compare the distribution of VGLUT2 in relation to that of VGLUT1 throughout the brain and spinal cord, we used light microscopic immunohistochemistry on pairs of adjacent sections alternately stained for VGLUT2 and VGLUT1. Specific staining for VGLUT2 and VGLUT1 was found to be restricted to synaptic puncta in brain and spinal cord areas known to receive glutamatergic input. As a rule, neuronal perikarya and dendrites remained unstained. With double-immunofluorescence and confocal laser scanning microscopy it could be shown that VGLUT1 and VGLUT2 immunoreactivity (ir) coincided with staining for the synaptic marker synaptophysin and was strictly segregated from the staining for the neuroperikaryal and the neurodendritic marker MAP2 (Fig. 3) . The specificity of the VGLUT1 and VGLUT2-ir was assessed by preabsorption of the antisera with the homologous recombinant fusion protein. This is exemplarily shown for the spinal cord (Fig. 4) . Furthermore, immunostaining for the two vesicular glutamate transporters was distinct from staining of other classical neurotransmitter systems, including cholinergic synapses, that were visualized by double-staining for the cholinergic marker VAChT, the vesicular acetylcholine transporter, catecholaminergic synapses using the marker tyrosine hydroxylase, and GABAergic/glycinergic synapses using the vesicular inhibitory amino acid transporter (data not shown). Thus, the specificity of VGLUT1 and VGLUT2 staining for glutamatergic synapses is unambiguous.
We revealed mostly segregated and complementary distribution of VGLUT1 and VGLUT2 synapses in the different telencephalic and diencephalic nuclei and in the spinal cord that is in accordance with recent, less extensive analyses (Fujiyama et al., 2001; Sakata-Haga et al., 2001) .
Spinal cord sensory and motor pathways
Pain processing areas of the substantia gelatinosa and the lateral spinal nucleus in the dorsal lumbar spinal cord contained numerous VGLUT2 positive puncta but only extremely sparse VGLUT1 puncta (Fig. 4 ). An accumulation of VGLUT1 puncta was observed in deep dorsal horn nucleus proprius where cutaneous and deep mechanoreceptive primary afferents terminate. Here, VGLUT2 puncta were relatively sparse (Fig. 4) . VGLUT2
but not VGLUT1 was quite abundant in lamina X around the central canal. VGLUT2 puncta were present around preganglionic sympathetic and parasympathetic visceromotor neurons of the intermediolateral thoracolumbar and intermediomedial sacral cell columns (data not shown). Throughout the ventral horn, fine VGLUT2 puncta were abundant (Fig. 4) . In contrast, VGLUT1 puncta in the ventral horn were less dense and larger in size than VGLUT2 puncta and preferentially distributed to the lateral ventral horn where they appeared to target motoneuron perikarya and dendrites.
Cerebrocortical and hippocampal pathways
In the neocortex of frontal, parietal, temporal, and occipital lobes, VGLUT2 staining was relatively low, with a marked preference for the granular layer of lamina IV, as demonstrated for the parietal cortex (Fig. 5) . The preferential sensory input of VGLUT2 synapses to layer IV, in conjunction with abundant VGLUT2 mRNA expression in thalamic nuclei known to project to the neocortex , indicates that cortical VGLUT2 synapses originate mainly from glutamatergic thalamocortical projection neurons. In contrast, VGLUT1 puncta were very densely distributed throughout neocortical layers I-VI and were lower in lamina IV where VGLUT2 was concentrated. The vast majority of cortical VGLUT1 terminals are likely to originate from corticocortical projections of glutamatergic pyramidal neurons shown previously to express VGLUT1 mRNA (Ni et al., 1994 (Ni et al., , 1995 . The distinct complementary relationship between VGLUT2 and VGLUT1 in the superficial lamina I and in lamina II-IV of the retrosplenial cortex also suggests layer-and pathwayspecific diversification of vesicular glutamate storage in the cerebral cortex (Fig. 5) . In the piriform cortex, VGLUT2 was restricted to fine puncta of the pyramidal cell layer, whereas VGLUT1 puncta were abundant throughout all layers except the pyramidal layer (Fig. 6 A, C, E, G) . Throughout the olfactory tubercle dendritic region, VGLUT1 synaptic input prevailed, whereas sparse VGLUT2 puncta were distributed around cell bodies (Fig. 6 A, E) . VGLUT1 was abundant in the peripheral dendritic area of the islands of Calleja, whereas VGLUT2 dominated in the center bearing the perikarya (Fig. 6 D, H ) .
A striking pattern of mutually exclusive and complementary distribution of the two vesicular glutamate transporters was obvious in the dentate gyrus and the Ammon's horn. VGLUT2 synapses show preference to the pyramidal layers of CA1-CA3 and the granular layer of the dentate gyrus. The origin of these synapses is presently unknown, but because VGLUT2 mRNA has also been reported in these cell body layers they may be excitatory interneurons. VGLUT2 synapses are virtually absent from entorhinal glutamatergic inputs through the perforant path to the molecular layer in the dentate gyrus, from glutamatergic mossy fiber terminals in stratum lucidum of CA3, and from synapses of glutamatergic Schaffer collaterals in the stratum oriens and radiatum of CA1 and CA3. Here, VGLUT1 protein is extremely abundant (Fig. 5) .
Basal forebrain systems
Basal forebrain regions receiving both VGLUT1 and VGLUT2 synaptic input showed microterritorial differences in their distribution and density patterns that were grossly complementary. For example, in the nucleus accumbens, VGLUT1 terminals dominated in the core where VGLUT2 innervation was minimal. Within the nucleus accumbens shell, mutually exclusive D) . Punctate immunostaining for VGLUT2 is present in the superficial dorsal horn (A, arrowheads mark lamina 1 and substantia gelatinosa) where VGLUT1-ir is minimal (C, arrowheads). Note accumulation of strongly positive punctate VGLUT1-ir in the deep dorsal horn where VGLUT2-ir is comparatively low. VGLUT2-ir is present in the lateral spinal nucleus (LSN ) (A, arrows) where VGLUT1-ir is minimal (C, arrows). VGLUT1 immunostaining is low to moderate in the lateral ventral horn and sparse in the medial ventral horn. Fine punctate VGLUT2 staining is dense and abundant in the ventral horn (VH ). Scale bar, 500 m.
VGLUT2-and VGLUT1-dominated areas were obvious. The cholinergic region of the vertical limb of the diagonal band received a selective VGLUT2 synaptic input. In contrast, the lateral septum received both VGLUT1 and VGLUT2 synaptic input in a subregion-specific complementary manner (Figs. 5, 6 ). Also in the amygdaloid complex, mutually exclusive density gradients between VGLUT1 and VGLUT2 synaptic puncta were observed. Cortical and subcortical amygdaloid regions received a predominant VGLUT1 input. In contrast, medial regions such as the basomedial amygdaloid nucleus obtained a predominant VGLUT2 input (Fig. 5 A, H ) . Thus, the two VGLUT isoforms could be specifically involved in disturbed interactions between glutamatergic and dopaminergic neurotransmission suggested to be involved in psychiatric illness, especially schizophrenia, and drug dependence (Carlsson et al., 2001; Floresco et al., 2001; Pulvirenti and Diana, 2001 ).
Extrapyramidal motor system of basal ganglia and mesencephalon
Throughout the caudate-putamen, fine VGLUT2-and VGLUT1-positive puncta were evenly distributed, with VGLUT1 puncta exhibiting a slightly higher density than VGLUT2 puncta (Fig. 6) . Most of the demonstrated VGLUT1 synaptic input to the caudate-putamen is likely to originate from cortical pyramidal neurons expressing abundant VGLUT1 mRNA (Ni et al., 1994 (Ni et al., , 1995 . VGLUT2 synaptic input is probably mainly derived from thalamostriatal projections. Glutamatergic projections of the subthalamic nucleus to the globus pallidus and the substantia nigra pars compacta (SNC) and pars reticulata (SNR) can now be classified as operating exclusively with VGLUT2 (Figs. 6, 9) . In some neurons of the SNR, weak to moderate staining for VGLUT2 was seen in perikarya. This was one of the very few Figure 5 . The distribution of VGLUT2 and VGLUT1 in the forebrain. A, H, Punctate VGLUT2-ir is relatively abundant throughout the hypothalamus and thalamus where VGLUT1 is restricted to the hypothalamic ventral premammillary nucleus (PMV ) and to parts of the thalamic nuclei including the lateral posterior thalamic nucleus (LP), dorsal lateral geniculate nucleus (DLG), and ventral posteromedial thalamic nucleus (VPM ). OPT, Olivary pretectal nucleus; APTD, dorsal anterior pretectal nucleus; PrC, precommissural nucleus. VGLUT2 staining is moderate in a band of the neocortex comprising lamina IV, weak in a neocortical band comprising lamina VI, and minimal in the other neocortical layers. Intense punctate VGLUT1-ir is abundant throughout the cortex including the piriform cortex (Pir) and somewhat less strong in the neocortical band of lamina IV where moderate VGLUT2 staining accumulates. Note mutual exclusion of VGLUT1 and VGLUT2 staining in the layers of the retrosplenial granular cortex (A, H, RSG) shown at high magnification in E and L. High magnifications (G, N ) from lamina IV in F and M demonstrate different densities of VGLUT1-and VGLUT2-ir puncta between immunonegative neuronal cell bodies and processes. Sparse VGLUT2-ir puncta are mostly confined to the granular layer ( g) of the dentate gyrus (DG) and pyramidal layer ( p) of the fields CA1, CA2, and CA3 of the hippocampus. Dense VGLUT1-ir puncta are abundant throughout the hippocampus with the exception of the granule ( g) and pyramidal ( p) cell layers. Areas in rectangles in A and corresponding areas on adjacent section in H are shown at high magnification in B-D and I-K, respectively. Note differential distribution and density of VGLUT1-ir and VGLUT2-ir in the oriens layer ( o), pyramidal layer ( p), stratum radiatum ( r), and stratum lacunosum moleculare ( l) of CA1 (B, I ) and CA3 (C, J ) and in the molecular ( m), granular ( g), and polymorphic ( p) layer of the dentate gyrus (DG) (D, K ). Note some overlap but differential density and intensity of immunostaining for VGLUT1-ir and VGLUT2-ir puncta in the posterior basomedial amygdaloid nucleus (BMP), in the lateral amygdaloid nucleus (La), and in the cortical amygdaloid nucleus (Co) as well as in the adjacent dorsal endopiriform nucleus (DEn). Note that white matter and fiber tracts are VGLUT1 and VGLUT2 negative. pc, Posterior commissure; f, fornix; fr, fasciculus retroflexus; mt, mammillothalamic tract. exceptions to the rule that VGLUT2 was restricted to synapses and absent from perikarya. The nucleus ruber received input of VGLUT2-ir terminals but not of VGLUT1 terminals. Taken together, the wiring of VGLUT2 and VGLUT1 synapses within the extrapyramidal motor pathways displayed marked preferences for specific extrapyramidal subsystems.
Diencephalic pathways
The thalamus exhibited a striking differential complementary staining pattern for VGLUT2 and VGLUT1 (Figs. 5, 7, 8) . VGLUT2 synapses were present on many thalamic nuclei, with relative abundance in the paraventricular, reuniens, reticular, paracentral, and anterodorsal thalamic nuclei as well as in the mediocaudal part of the lateral posterior nucleus, and in the posterior intralaminar, peripeduncular, and suprageniculate thalamic nuclei. In contrast, VGLUT1 synaptic puncta were more restricted and showed preference to parts of the lateral posterior and ventral posteromedial thalamic nucleus and the dorsal lateral geniculate nucleus, as well as the paratenial nucleus.
In the hypothalamus, VGLUT2 synapses were relatively abundant within most nuclei. In contrast, VGLUT1 was much more restricted to specific diencephalic nuclei, among them the ventral premammillary and ventromedial hypothalamic nucleus. Neuroendocrine centers of the hypothalamus such as the median eminence and the supraoptic and paraventricular nuclei obtained preferential input from VGLUT2 puncta (Fig. 7) . Some diencephalic nuclei such as the ventromedial hypothalamic nucleus or the habenular nuclei received dual VGLUT1 and VGLUT2 synaptic input. However, within these nuclei, reciprocity in the microregional distribution and density of VGLUT1-and VGLUT2-ir synaptic puncta was seen (Figs. 7, 8) .
The widespread distribution and clear preponderance of VGLUT2 synapses over VGLUT1 synapses in the hypothalamus, thalamus, and epithalamus conform to previous in situ hybridization histochemical data revealing variably abundant VGLUT2 mRNA and little or no VGLUT1 mRNA in most diencephalic nuclei . We suggest that diverse diencephalic neuroendocrine, limbic, and sensory functions are regulated by distinct VGLUT1-and VGLUT2-operated extrinsic neurons as well as by VGLUT2-operated intrinsic glutamatergic neurons.
Visual and acoustic systems of the brainstem
Several nuclei of the brainstem visual system receive a strong and preferential input of VGLUT2 synaptic puncta, e.g., the outer border of the dorsolateral geniculate nucleus containing the retinogeniculate input; the superficial gray of the superior colliculus, where retinal ganglionic cells terminate; the lateral posterior thalamic nucleus, which receives afferents from optic areas of the tectum and the occipital cortex; and the medial terminal nucleus of the accessory optic tract, which receives input from the retina (Figs. 5, 9) . Here, VGLUT1 synaptic puncta were sparse, if not absent. Thus, the brain stem optic system seems uniquely supplied by VGLUT2 glutamatergic synapses.
Throughout the brain stem auditory system, VGLUT1 clearly dominated. VGLUT1 synaptic puncta were abundant in the cochlear nuclei. Because VGLUT2 synapses are absent from the superficial layer of the dorsal cochlear nucleus, we suggest that the granule cell interneurons are VGLUT1 coded (Fig. 10 E, J ) . VGLUT1 puncta are also abundant in the trapezoid body, superior olive, medial geniculate body (Figs. 9, 10) , and inferior colliculus (data not shown). The VGLUT2 synaptic input to these nuclei was much lower but still significant. In the ventral cochlear nucleus, however, VGLUT2 puncta were virtually absent (Fig.  10) , and thus the bipolar spiral neurons may be preferentially VGLUT1 coded. Thus, the brain stem auditory system is under Figure 6 . The distribution of VGLUT2 and VGLUT1 in the forebrain. Marked differences are apparent in the distribution, density, and intensity of punctate VGLUT2-ir (A-D) and VGLUT1-ir ( E-H) in the neocortex (lamina IV, VI ), caudate putamen (CPu), globus pallidum (GP), piriform cortex (Pir), nucleus accumbens core (AcC), nucleus accumbens shell (AcSh), ventral pallidum (VP), olfactory tubercle (Tu), islands of Calleja (ICj), ventral diagonal band (VDB), and lateral septum (LS). In the CPu, VGLUT2 is somewhat less abundant than VGLUT1. VGLUT2 is present in the globus pallidum (GP) (B), where VGLUT1 is virtually absent ( F). In piriform cortex (Pir) and islands of Calleja (ICj), punctate VGLUT1-ir is stronger and denser than VGLUT2-ir. Note accumulation of low to moderate VGLUT2-ir in the pyramidal cell layer in C where VGLUT1-ir is scarce ( G). Note also some overlap and reciprocity in staining for VGLUT1 and VGLUT2 in the ICj (D, H ). Note the absence of VGLUT1-ir and VGLUT2-ir from commissural fiber tracts. cc, Corpus callosum; ac, anterior commissure. dual glutamatergic control by a prominent VGLUT1 synaptic system and a less prominent VGLUT2 synaptic input.
The brainstem vestibular system also received dual VGLUT1 and VGLUT2 synaptic input, with VGLUT1 providing the major input. The multipolar giant-sized cells of the lateral vestibular nucleus were targeted by abundant strongly positive VGLUT1 boutons and less abundant and less frequent VGLUT2 puncta (data not shown).
Brainstem autonomic and motor-sensory pathways
VGLUT2 puncta were widespread throughout the tegmentum and reticular formation, whereas VGLUT1 puncta were less abundant and more limited to specific nuclei (Figs. 9 -11 ). VGLUT2 puncta were enriched in the pain processing area of the dorsal periaqueductal gray (PAG) (Figs. 9C, 9E, 11 ) and moderately concentrated in the locus coeruleus (Fig. 10 A) , where VGLUT1 was at very low abundance. Serotoninergic raphe nuclei and the various scattered catecholaminergic cell groups in the brainstem were targeted by VGLUT2 rather than by VGLUT1 puncta (data not shown). In the autonomic and pain relay center of the parabrachial nuclei, VGLUT1 and VGLUT2 were sparse and exhibited complementary preference, VGLUT2 in the lateral parabrachial nucleus and VGLUT1 in the medial parabrachial nucleus (Fig. 10 A, F ) . The dorsal motor nucleus of the vagus received substantial input by VGLUT2 puncta but not by VGLUT1 puncta (Fig. 11 A-D) . VGLUT2 terminals also preferentially supplied the area postrema (data not shown). Synapses in the nucleus of the solitary tract (NTS) were found to be VGLUT2 coded, implying that the presumed glutamatergic primary afferent endings in the NTS preferentially operate with VGLUT2. Among these afferents are the gustatory, baroreceptor, chemoreceptor, and gastrointestinal satiety afferents, suggesting that VGLUT2 rather than VGLUT1 is involved in glutamatergic regulation of cardiorespiratory and cardiovascular homeostasis and in gustatory and gut-brain signaling serving appetite control (Gordon, 1995; Sapru, 1996; Aicher et al., 2000; Sako et al., 2000) . The presence of VGLUT2 synapses in the spinal intermediolateral cell column strongly suggests that glutamatergic input to preganglionic autonomic neurons in the spinal cord is specifically VGLUT2 operated. This is in accordance with the expression of VGLUT2 mRNA in oxytocinergic and vasopressinergic neurons of the hypothalamic supraoptic and supraventricular nuclei that are known to project to the preganglionic spinal visceromotor neurons .
The pontine nuclei, which are the target of the corticopontine tract and the origin of the pontocerebellar tract, received frequent VGLUT1 but infrequent VGLUT2 puncta (data not shown). The motor trigeminal and facial nuclei were preferentially supplied by VGLUT1 and less by VGLUT2 synaptic puncta (Fig. 10 A, F ) . In contrast, the motor hypoglossal nucleus was receiving VGLUT2 rather than VGLUT1 synaptic input (Fig.  11C,D) . VGLUT1 and VGLUT2 synaptic input to sensory relay centers in the brainstem was remarkably differentiated. Presumed glutamatergic nociceptive spinothalamic input with widespread thalamic terminal fields may be VGLUT2 operated, whereas the more restricted thalamic terminations of the dorsal column lemniscal pathway could be specifically VGLUT1 operated. By demonstrating complementary distribution of VGLUT1 and VGLUT2 input to the superficial and deep dorsal horn, as well as to the superficial and deep spinal trigeminal nucleus, we conclude that glutamatergic nociceptive signaling in the substantia gelati- Figure 7 . Nucleus-specific and differential abundance of VGLUT2 and VGLUT1 in thalamic and hypothalamic nuclei. Note high abundance of VGLUT2-ir ( A) in the paraventricular thalamic nucleus (PVA), reuniens thalamic nucleus (Re), reticular thalamic nucleus (Rt), paracentral thalamic nucleus (PC), and anterodorsal thalamic nucleus (AD). Here, VGLUT1-ir ( B) is almost absent or at low abundance. VGLUT1 ( B) is moderately abundant in the posterior thalamic nucleus (PT ) where VGLUT1 ( A) is sparse. VGLUT1 is virtually absent from the stria medullaris (sm) where VGLUT2-ir is sparse. Adjacent frontal sections (C, D) of the diencephalon demonstrate the abundance of VGLUT2 ( C) in the anterior hypothalamic nucleus (AH ) but scarcity in the paraventricular nucleus (PVN ) and extreme scarcity of VGLUT1-ir in the anterior hypothalamic nucleus (AH ) and absence from the PVN. Note presence of VGLUT1 ( D) but absence of VGLUT2 ( C) in the ventromedial thalamic nucleus (VM ). Adjacent frontal sections of the hypothalamus (E, F ) demonstrate abundance of VGLUT2 in the lateral hypothalamic nucleus (LH ), ventromedial hypothalamic nucleus (VMH ), and dorsomedial hypothalamic nucleus (DM ) and sparsity of VGLUT1 in the core of the VMH but moderate abundance in its shell. Note that VGLUT2 is less abundant in the shell and more abundant in the core of the VMH. Note some faint staining for VGLUT2 in the median eminence (ME). VGLUT1 and VGLUT2 are absent from fiber tracts of the fornix ( f) and the mammillothalamic tract (mt). 3V, Third ventricle. Scale bar, 500 m. Figure 8 . The distribution of VGLUT2 and VGLUT1 in the epithalamus. High-power micrographs from adjacent sections alternately stained for VGLUT2 ( A) and VGLUT1 ( B) demonstrating abundance of VGLUT2 in both the medial habenular nucleus (MHb) and the lateral habenular nucleus (LHb). Note that VGLUT1-ir in the MHb is less dense than VGLUT2-ir. VGLU1 is virtually absent from LHb. Scale bar, 100 m.
nosa spinalis and trigeminalis is preferentially related by VGLUT2-operated synapses, whereas mechanoreception at the first synapse of primary afferents in the spinal nucleus proprius, the principal trigeminal nucleus, and the dorsal column nucleus is predominantly VGLUT1 operated (Figs. 10 A, F, 11A, B,G,H ) . This view is supported by our preliminary observation that VGLUT2-ir is prominent in presumed nociceptive smalldiameter spinal and trigeminal afferents, whereas VGLUT1 is relatively abundant in non-nociceptive large-diameter primary sensory neurons (data not shown). Our data suggest differential roles of VGLUT1 and VGLUT2 in spinal and trigeminal nociceptive neurotransmission, with clinical relevance for chronic neuropathic and inflammatory pain.
Cerebellar cortex
The molecular layer of the cerebellar cortex received an exuberant input by VGLUT1 puncta (Fig. 12 A, B) and a substantial input by VGLUT2 puncta (Fig. 12C,D) forming strands perpendicular to the surface. The VGLUT1 puncta were so densely packed that individual puncta could only be clearly discerned with high-power confocal microscopy (data not shown). In the granular layer, VGLUT1 and VGLUT2 puncta were confluent and formed rosette-like structures. Also in the granular layer, VGLUT1 was much more abundant than VGLUT2. The VGLUT1 and VGLUT2 input to the somata of the Purkinje cells in the Purkinje layer was comparatively sparse. The extreme abundance of VGLUT1 in the molecular and granular layers of the cerebellar cortex implies that most of the disynaptic input via mossy and parallel fibers is operated by VGLUT1. This is supported by strong expression of BNPI mRNA in the granule cell layer of the cerebellum and in the pontine nuclei that deliver mossy fibers to the granular layer (Ni et al., 1994 (Ni et al., , 1995 . VGLUT2-positive mossy fiber rosettes may arise, in part, from the vestibular nuclei, reticular formation, or spinal cord. The strict perpendicular lining of VGLUT2 synaptic puncta in the molecular layer, typical for synapse lining of climbing fibers, suggests that at least a subset of glutamatergic climbing fibers from the inferior olive, which is known, in part, to convey sensory visual information, is operated by VGLUT2. A VGLUT2 input is obvious at the cell bodies of the Purkinje cells, which are typically targeted by climbing fibers (Fig. 12) .
DISCUSSION
Vesicular glutamate transport by VGLUT2
Active vesicular transport of all classical transmitters depends on the H ϩ electrochemical gradient (⌬ Hϩ ) across the synaptic vesicle membrane that is formed by a vacuolar-type H ϩ -ATPase. Proton pumping into vesicles results in a buildup of transmembrane H ϩ electric (⌬, positive inside) and chemical H ϩ gradients (⌬pH, acidic inside). Initially, the transport of only a few protons generates a charge that limits the ⌬pH gradient that can be formed. Dissipation of ⌬ is provided by Cl Ϫ ion, which enters vesicles through endomembrane anion channels present in most intracellular organelles, including synaptic vesicles, and provides a charge balance allowing for higher rates of H ϩ transport and generation of a ⌬pH gradient (al-Awqati, 1995; Szewczyk, 1998) . The relative proportions of ⌬pH and ⌬ across vesicle membranes therefore may vary greatly depending on the cytoplasmic concentration of the permeating Cl Ϫ ion (Van Dyke, 1988) . Altering the Cl Ϫ permeability of vesicles can result in changes in neurotransmitter accumulation (Tamir et al., 1994) .
The resting cytoplasmic Cl Ϫ concentration in glutamatergic axon terminals is unknown but varies from 10 mM in the cell body to 35 mM in the processes (Hara et al., 1992; Kuner and Augustine, 2000) . Glutamate transport activity of VGLUT2 therefore was examined at four different Cl Ϫ conditions: not present, low (2-4 mM), moderate (16 -40 mM), and high (150 mM). The relative contribution of ⌬ to the total ⌬ Hϩ is predicted to be maximal when Cl Ϫ is absent or present in low millimolar con- Figure 9 . The distribution of VGLUT2, VGLUT1, and tyrosine hydroxylase (TH ) in the mesencephalon and metathalamus. VGLUT2-ir puncta are concentrated in the tectum, with highest levels in the superficial gray layer of the superior colliculus (SuG) and lower levels in the intermediate gray layer of the superior colliculus (InG) and scarcity in the optic nucleus layer of the superior colliculus (Op). VGLUT2-ir puncta are present throughout the tegmentum, including the nucleus ruber ( R) and the TH-positive pars compacta of the substantia nigra (SNC) and are enriched in the dorsal periaqueductal gray (PAG) and, in particular, in the medial terminal nucleus of the accessory optic tract (MT ) as well as in the mediocaudal part of the lateral posterior nucleus (LPMC), in the posterior intralaminar thalamic nucleus (PIL), in the peripeduncular nucleus (PP), and in the suprageniculate thalamic nucleus (SG). Here, VGLUT1-ir is minimal. VGLUT1 staining is present at moderate levels in the ventral medial geniculate nucleus (MGV ) where VGLUT2 is minimal. VGLUT1 is minimal throughout the tectum, periaqueductal gray, and tegmentum and virtually absent from the substantia nigra pars compacta (SNC) and pars reticularis (SNR). Weak VGLUT2 staining is present in neuronal perikarya and puncta in the SNR ( D) high-power micrograph from area in rectangle in C where VGLUT1 is virtually absent (corresponding area in F ). centrations, reduced but equivalent to ⌬pH under moderate (40 mM) Cl Ϫ conditions, and absent in high Cl Ϫ conditions. In contrast, a ⌬pH cannot be measured without Cl Ϫ present, is minimal under low Cl Ϫ concentrations, and maximal under high Cl Ϫ concentrations (Johnson et al., 1981) . Glutamate uptake by VGLUT2 is nearly abolished when Cl Ϫ is completely absent from the incubation medium, indicating an essential role for this anion in the uptake mechanism. Maximal levels of glutamate uptake are observed when Cl Ϫ is present at physiological concentrations (4 -40 mM) and is not observed under high Cl Ϫ concentrations. Under all Cl Ϫ conditions, uptake is inhibited in the presence of valinomycin that dissipates ⌬. One possible role of ⌬ may be to drive Cl Ϫ into the synaptic vesicles. The selective activation of VGLUT2-mediated glutamate transport by Cl Ϫ (and Br Ϫ ) suggests that entry of Cl Ϫ into the vesicle through an endomembrane anion channel might occur. Glutamate might then be exchanged for intravesicular Cl Ϫ to maintain ⌬, which is preserved during glutamate accumulation into brain vesicles Wolosker et al., 1996) . Nigericin, which selectively dissipates ⌬pH, abolished uptake at 40 mM Cl Ϫ , indicating that ⌬pH can also be a major driving force for vesicular glutamate accumulation by VGLUT2.
Relationship between P i and glutamate transport
Transport of P i across the plasma membrane by VGLUT1 and VGLUT2 has been demonstrated in the Xenopus oocyte system (Ni et al., 1994; Aihara et al., 2000) . In this system, the transporters would orient in such a way as to favor endogenous glutamate efflux that could be accompanied by an influx of anions such as P i or Cl Ϫ ion. Although P i does not stimulate uptake of glutamate into vesicles by VGLUT2 as does Cl Ϫ , higher P i concentrations are inhibitory, possibly reflecting an intrinsic conductance to anions similar to the intrinsic permeability of VGLUT1 to high Cl Ϫ concentrations suggested by Bellocchio et al. (2000) . It is possible that these proteins might also display a Cl Ϫ conductance in oocytes, as has been shown for NaP i -1 (Busch et al., 1996; Bröer et al., 1998) , and be amenable to biophysical analysis in which possible differences in stoichiometry and relative turnover rates can be assessed (Otis, 2001) .
A dual role in mediating P i transport across the plasma membrane and glutamate uptake into synaptic vesicles would require this protein to be expressed in both places in vivo. Although neural activity might increase the steady-state amount expressed at the plasma membrane, most of the VGLUT1 localizes to synaptic vesicles by electron microscopy (Bellocchio et al., 1998) . VGLUT2, like VGLUT1, also colocalizes with synaptic vesicle markers and is restricted to presynaptic terminals by confocal microscopy in situ.
Why two isoforms of the vesicular glutamate transporter?
Differences in the molecular roles of Cl Ϫ and H ϩ in vesicular glutamate uptake by VGLUT1 and VGLUT2 may exist. VGLUT1 has been suggested to operate solely with ⌬ (Bellocchio et al., 2000; Takamori et al., 2000) . We show that ⌬pH can also be a major driving force for uptake for VGLUT2 under physiological Cl Ϫ conditions. Similar observations reported in isolated synaptic vesicle preparations (Ö zkan and Ueda, 1998) may be attributed to the unsuspected presence of two isoforms. Differential regulation of VGLUT1 and VGLUT2 gene expression as well as possible differences in rates of intrinsic activity and trafficking of these proteins within nerve terminals are open areas of investigation.
The remarkably differentiated pathway-and target-specific dualism of excitatory synaptic circuits suggests unique physiological roles for these proteins. VGLUT1-containing synaptic vesicles are expressed in a subset of synapses of the known glutamatergic pathways that are complementary to VGLUT2-coded innervation of the CNS. Together with mRNA distribution studies (Ni et al., 1994 (Ni et al., , 1995 Aihara et al., 2000; Hisano et al., 2000) , the two isoforms identify classes of excitatory neurons with functions that are involved in learning and memory and in the transfer of peripheral sensory information to the cerebral cortex. VGLUT1 is associated with many synapses that exhibit activity-dependent synaptic plasticity such as long-term potentiation (LTP), whereas VGLUT2 is expressed primarily in sensory and autonomic pathways that display high-fidelity neurotransmission.
The sheer abundance of VGLUT1 over VGLUT2 puncta in certain telencephalic regions of the brain suggests that VGLUT1 is a dominant excitatory system in the corticocortical pyramidal neuron projections and the trisynaptic circuit in the hippocampus. VGLUT1 is uniquely associated with cortical pyramidal neurons involved in higher cognitive function and with cerebellar mossyparallel fiber input important for skilled motor acquisition. This indicates that LTP during learning is a domain of VGLUT1-governed glutamatergic transmission. VGLUT1 synapses may display a lower release probability in general (Hanse and Gustafsson, 2001; Xu-Friedman et al., 2001) , and paired-pulse facilitation and post-tetanic potentiation may include presynaptic mechanisms that increase the probability of glutamate secretion (Salin al., 1996; Goussakov et al., 2000; Zakharenko et al., 2001) . VGLUT1-encoded transmission may also be intimately involved with information processing at early stages in the auditory system. The dorsal cochlear nucleus (DNC) principal cells, a first-order auditory nucleus, receive various VGLUT1-encoded nonauditory inputs via a cerebellar-like VGLUT1 granule cell circuit located in the superficial layers of the DNC, in addition to their well known auditory inputs. Activity-dependent potentiation has been observed in the granule cell domain and in VGLUT1-encoded pathways of the auditory system and the somatosensory thalamus (Davis et al., 1996; Illing et al., 2000; Weng et al., 2000; Sakai and Suga, 2001 ); however, a high probability of glutamate release from the VGLUT1-enriched giant synaptic terminals (the calyx of Held) located in the second-order auditory nucleus of the trapezoid body has also been observed (Trussell, 1999; Taschenberger and Gersdorff, 2000) . This may be attributable to the presence of multiple release sites (Otis et al., 1996) and multiple calcium channels that are required to release a vesicle at this synapse (Borst and Sakmann, 1998) .
VGLUT2 is expressed in many neuronal pathways that characteristically display high-fidelity neurotransmitter release and may be more genetically "hard wired" than VGLUT1-coded pathways. Synaptic transmission between VGLUT2-expressing neurons along the visual and nociceptive sensory pathways to corticocortical association pathways and motor output pathways has a low failure rate and is substantially faster and more reliable than in other cortical laminae Gil et al., 1999) . The predominant glutamatergic thalamic sensory input to the cerebral cortex is to the dendrites of the spiny stellate interneurons in layer IV, which also express VGLUT2 mRNA . Potentiation of thalamocortical synapses occurs only during early postnatal development in the rat and involves conversion of silent synapses to functional ones (Crair and Malenka, 1995; Isaac et al., 1997) . Potentiation of glutamate release has not been observed in VGLUT2-encoded gustatory afferent endings in the NTS (Bradley and Grabauskas, 1998) or at climbing fiber synapses onto Purkinje neurons that also display high probability release (Dittman et al., 2000; XuFriedman et al., 2001) . The high activity of VGLUT2-expressing glutamatergic projections of the subthalamic nucleus to the SNC has been implicated as a mechanism driving neurotoxicity in the substantia nigra and the development of Parkinson's disease (Rodriguez et al., 1998) .
It remains to be determined whether a difference in the probability of glutamate neurosecretion is a general function of VGLUT1-versus VGLUT2-encoded synapses. Clearly, calcium fluxes play a central role in regulating release probability (Stevens and Sullivan, 1998; Wu and Borst, 1999) . Furthermore, at some synapses, activity-dependent potentiation (and depression) may be entirely a postsynaptic event (Nicoll and Malenka, 1999; Carroll et al., 2001; Kemp and Bashir, 2001 ). However, VGLUTs play an obvious role in the replenishment of the releasable pool of vesicles and may be subject to differential regulation during intense presynaptic activity.
